The gene underlying X chromosome-linked Kallmann syndrome, KAL-1, has been identi®ed for several years, yet its role in development is still poorly understood. In order to take advantage of the zebra®sh as a model in developmental genetics, we isolated the two KAL-1 orthologues, kal1.1 and kal1.2, in this species. Comparison of deduced protein sequences with the human one shows 75.5 and 66.5% overall homology, respectively. The most conserved domains are the whey acidic protein-like domain and the ®rst of four ®bronectin-like type III repeats. However, kal1.2 putative protein lacks the basic C-terminal domain (20 residues) found in kal1.1 and KAL-1. The expressions of kal1.1 and kal1.2 were studied in the embryo between 6 and 96 hours post fertilization using whole-mount in situ hybridization. Although a few structures express both genes, kal1.1 and kal1.2 expression patterns are largely non-overlapping. Taken together, these patterns match fairly well those previously reported for human KAL-1 and chicken kal1. As regards the olfactory system, kal1.1 is expressed, from 37 h.p.f. onward, in the presumptive olfactory bulbs, whereas kal1.2 transcript is only detected, from 48 h.p.f., in the epithelium of the nasal cavity. The relevance of the zebra®sh as an animal model for studying both the function of KAL-1 in normal development and the developmental failure leading to the olfactory defect in Kallmann syndrome, is discussed. q
Kallmann syndrome is characterized by the association of anosmia and hypogonadism. Hypogonadism is due to gonadotropin-releasing-hormone (GnRH) de®ciency. Anosmia is associated with the absence of olfactory bulbs and tracts. The KAL-1 gene underlying the X-linked form of the disease (MIM308700, McKusick, 1998) has been isolated (Franco et al., 1991; Legouis et al., 1991) (Genbank M97252) . KAL-1 encodes a 95 kDa extracellular matrix glycoprotein named anosmin-1 (Soussi-Yanicostas et al., 1996; Hardelin et al., 1999) .
In mammals, birds, amphibians, and ®sh, the GnRHsynthesizing neurons undergo embryonic migration from the olfactory epithelium to the brain along an olfactory epithelium-forebrain axis of nerve ®bers (reviewed in Parhar and Sakuma, 1997) . Examination of a 19-week-old human male fetus carrying a KAL-1 deletion, has shown that both olfactory nerve terminals and GnRH-synthesizing neurons were absent from the brain and had accumulated in the upper nasal region (Schwanzel-Fukuda et al., 1989) . Therefore, one straightforward possibility was that the causative defect primarily affects the terminal elongation of early olfactory axons. The lack of a stable contact between olfactory axons and forebrain would in turn prevent formation of the olfactory bulbs as well as migration of the GnRH neurons. Consistently, anosmin-1 is present in the presumptive olfactory bulbs (Hardelin et al., 1999) .
In order to progress in the pathophysiology of X-linked Kallmann syndrome, an animal model is required. However, since the murine Kal1 has so far escaped detection, it has not been possible to generate a mouse model of the disease. As a prerequisite to functional studies in the zebra®sh, the orthologue of KAL-1 had to be characterized in this species. 
KAL-1 has two orthologues in zebra®sh
Extension of a serendipitous genomic sequence allowed us to characterize the orthologues of the KAL-1 exons 4, 5 and 6 in fugu rubripes (GenBank AF163309). The screening of an adult zebra®sh brain cDNA library using this fugu sequence as a probe led us to characterize two different sequences (GenBank AF163310, AF163311) which both contained a complete open reading frame. Analysis of the deduced protein sequences predicted the presence of a signal peptide and the absence of a transmembrane or membrane anchorage domain in both, which indicates that these proteins are likely to be extracellular. The search for known protein motifs revealed the so far unique association of a whey acidic protein-like four disul®de core motif (Dandekar et al., 1982) and four contiguous ®bronectin-like type III repeats (del Castillo et al., 1992) in both sequences, therefore providing convincing evidence that the corresponding genes represent the two zebra®sh orthologues, kal1.1 and kal1.2, of the human KAL-1 (see Fig. 1 and Table 1) .
PCR ampli®cation on a radiation hybrid panel of the zebra®sh chromosomes (Research Genetics, Inc #RH06) allowed us to assign kal1.1 and kal1.2 to linkage groups 1 and 22, respectively (http://wwwmap.tuebingen.mpg.de).
Embryonic expression patterns
Whole-mount in situ hybridization experiments were performed between 6 and 96 h post fertilization (h.p.f.), using digoxigenin-labeled riboprobes. From 16 h.p.f. onward, the kal1.1 and kal1.2 transcripts were detected in various embryonic structures (see Fig. 2 ).
Olfactory system
Kal1.1 transcript was detected, from 37 h.p.f. onward, in the presumptive olfactory bulbs (Fig. 3A±C) ; whereas kal1.2 transcript was detected, from 48 h.p.f. onward, in the epithelium of the nasal cavity ( Fig. 3D,E) . The formation of the ®rst fold of the olfactory epithelium occurs at approximately 14 days (Hansen and Zeiske, 1993) . Before this, it is not possible to differentiate morphologically the sensory epithelium from the non-sensory epithelium. However, by analogy with KAL-1 expression in the human embryonic nasal cavity (Hardelin et al., 1999) , it is tempting to speculate that kal1.2 is expressed only by nonsensory cells. Both transcripts were still detected at 96 h.p.f., but neither was detected on cryosections of the olfactory region in adult animals (data not shown).
In zebra®sh, establishment of the connections between olfactory nerves and olfactory bulbs occurs in two waves of axonal elongation (Whitlock and Wester®eld, 1998) . First, pioneer axons start to elongate from the olfactory placode at 20 h.p.f. (Hansen and Zeiske, 1993) , and they have reached the telencephalon by 30 h.p.f., a period when neither kal1 is expressed in the olfactory system. The second wave consists of the elongation of axons of the sensory olfactory neurons, which follow the tract of pioneer axons, and reach telencephalon at 44 h.p.f. (Whitlock and Wester- Fig. 1 . Alignment of the KAL-1, kal1.1 and kal1.2 deduced protein sequences. Homologous amino acid residues according to the GES matrix (Riek et al., 1995) are boxed. Note that the kal1.2 sequence lacks the C-terminal motif of 20 amino acids rich in basic residues which is present in the human (Legouis et al., 1993) , and kal1.1 sequences. a Co-ordinates refer to the human KAL-1 sequence (see Fig. 1 ). Homology indexes (%) were calculated on the basis of the GES matrix. WAP-like and FN III R1-4 refer to the whey acidic protein-like and ®bronectin-like type III repeats one to four, respectively. The WAP-like and FNIII R1 motifs are the most conserved between man and zebra®sh as well as between the two zebra®sh genes.
®eld, 1998). In rodents, pioneer and sensory axons apparently start to elongate at the same time; the difference resides in the deep penetration of pioneer axons in the neural wall up to the subventricular zone, whereas the majority of axons, i.e. genuine sensory axons, remain at the peripherals of the presumptive olfactory bulb (Gong and Shipley, 1995). In human and chick embryos, anosmin-1 and/or kal1 transcript have been detected in the presumptive olfactory bulbs prior to the ®rst contact of olfactory axons (Legouis et al., 1994; Hardelin et al., 1999) . In contrast, the zebra®sh kal1.1 transcript was ®rst detected in the presumptive olfactory bulbs at 37 h.p.f., that is after the ®rst contact of pioneer axons, but before the arrival of the ®rst sensory axons. This suggests that kal1.1 does not play a role in the navigation of pioneer axons. Rather, it could be involved in the terminal elongation and/or targeting of the axons of olfactory receptor neurons.
Inner ear and lateral line system
Kal1.1 transcript was ®rst detected at 16.5 h.p.f. in the otic vesicle and migrating lateral line primordium (Fig. 4A) . In the otic vesicle, labeling was located in the ventro-and dorso-medial parts of the lining epithelium (Fig. 4B,C) . Signal in the inner ear remained strong until 48 h.p.f., and subsequently decreased; it was still present at 72 h.p.f., but was no longer detected at 96 h.p.f. In the lateral line primordium, kal1.1 was expressed over the entire period of migration of this structure, i.e. until 42 h.p.f. The Kal1.2 transcript was also detected in the inner ear and lateral line primordium, from 22 h.p.f. onward (Fig. 4D) . In the inner ear, the signal was ®rst located in the epithelium of the ventrolateral part of the otic vesicle (Fig. 4E) and later, in de®nite nonsensory areas of the epithelium (Fig. 4F) where it was still detected at 120 h.p.f. In the lateral line primordium, kal1.2 labeling was restricted to the caudal part whereas the kal1.1 transcript was detected in the whole structure (not shown). Neither kal1.1 nor kal1.2 expression was ever detected in the newly deposited sensory organs (neuromasts) along the lateral line of the ®sh (not shown).
Visual system
Only kal1.1 was expressed in the retina, from 48 h.p.f. onward (Figs. 3B, 5B, and 6A, B) . Sections on 48 and 96 h.p.f. embryos showed staining in the inner plexiform layer (see Fig. 6A ). The Kal1.1 transcript was still detected in the retina on cryosections of adult ®sh (not shown). Kal1.2 expression was only detected, from 48 h.p.f. onward, in a subocular zone which may correspond to oculomotor muscles (not shown).
Other structures and areas in the central nervous system
The kal1.1 transcript was ®rst detected at 19 h.p.f., in the ventral part of the posterior midbrain (Fig. 5A) . From 37 h.p.f. onward, kal1.1 was expressed in the optic tectum and cerebellum (Figs. 3A,B , 5B, and 6A,C). Kal1.1 was also expressed, from 48 h.p.f., in the hindbrain region facing the inner ear (Figs. 4B,C, and 5B). In the adult ®sh, the transcript was still detected in restricted areas of the tectum and cerebellum (not shown). Finally, a ventro-lateral zone of the spinal cord, which contains interneurons, was labeled from 24 h.p.f. onward (Fig. 5C ).
Kal1.2 had later and more restricted expression in the central nervous system. The transcript was detected, from 48 h.p.f. onward, in the epiphysis (Fig. 5D) , in a medial and rostral area of the telencephalon (medial with regards to the olfactory bulb anlagen) (Fig. 5D,E) , and in the medial aspects of the two cerebral lobes (Fig. 5E ).
2.5. Internal organs, embryonic buds, and other non neural structures Kal1.1 was strongly expressed, from 48 h.p.f., in the stomodeal and pharyngeal epithelia (Fig. 6A,C) and in branchial arches (Fig. 6B) . From 72 h.p.f. onward, the kal1.1 transcript was also detected in the epithelium of the gut (not shown), and in the swim bladder (Fig. 6C) .
Kal1.2 was expressed, from 48 h.p.f. onward, in the pronephric ducts (Fig. 6F) , stomodeal epithelium, branchial arches and a juxtacardiac rostral region (not shown). The Kal1.2 transcript was also detected between rostral somites, from 72 h.p.f. (Fig. 6F) .
Kal1.2 was expressed in the tailbud from 16 h.p.f. until 36 h.p.f., that is when the tail has ®nished elongation (Figs. 4D and 6D). The kal1.2 transcript was also detected in pectoral ®n buds and adjacent regions of the body wall, between 48 and 72 h.p.f. Labelling in the ®n buds was limited to the outer part of the mesenchyme in the proximal half of the ®n at most (Fig. 6E) .
